g Chlamydia psittaci is an obligate intracellular bacterium responsible for avian chlamydiosis, otherwise known as psittacosis, a zoonotic disease that may lead to severe atypical pneumonia. This study was conducted on seven mule duck flocks harboring asymptomatic birds to explore the circulation and persistence of C. psittaci during the entire breeding process and assess the potential sources of worker exposure. Cloacal swabs and air samples were taken on each occasion requiring humans to handle the birds. In parallel, environmental samples, including dust, water, and soil, were collected. Specific real-time PCR analyses revealed the presence of C. psittaci in all flocks but with three different shedding patterns involving ducks about the age of 4, 8, and 12 weeks with heavy, moderate, and low excretion levels, respectively. Air samples were only positive in flocks harboring heavy shedders. Dust in flocks with heavy or moderate shedders carried chlamydial loads strongly associated with the loads detected in avian and soil samples. Environmental contamination, significantly correlated with shedding dynamics, was considered to be the most probable source of exposure. The high prevalence of bacteriophage Chp1 in all flocks, mostly jointly present with chlamydia, suggests an important factor in C. psittaci persistence, thus creating a greater risk for humans. A survey conducted in these flocks regarding farming practices and activities showed that disinfection seems to be the most promising practice for reducing C. psittaci prevalence in ducks and that the place and the duration of action during operations seem to be potential risk factors. Strict adherence to good practices is strongly recommended.
C
hlamydia psittaci, a member of the Chlamydiaceae family, is an obligate intracellular bacterium known worldwide to cause "psittacosis" (also called "ornithosis" or, more generally, "avian chlamydiosis"), which is the most important potentially zoonotic animal chlamydiosis. The disease mainly affects psittacine birds and domestic poultry and is usually systemic with clinical signs that vary greatly in severity depending on the species and age in weeks, as well as the virulence of the chlamydial strain involved (1, 2) . Avian strains of Chlamydia psittaci are separated in 13 ompA genotypes named A to F, E/B, 1V, 6N, Matl16, R54, YP84, and CPX308 (3) . These avian genotypes present relative host specificity, and most of them have also been identified in cases of zoonotic transmission (4) (5) (6) (7) .
Transmission to humans occurs through inhalation of contaminated aerosols resulting from avian respiratory tract excretions and droppings and can cause a primarily respiratory disease complex, which may lead to severe atypical pneumonia and death in the most severe cases (8, 9) . The risk of psittacosis is highest among individuals in direct contact with birds, e.g., poultry sector workers, veterinarians, pet shop employees, and pet bird owners. A number of recent reports suggest that numerous cases of psittacosis are linked to domestic poultry and that turkeys, ducks, and chickens could be important reservoirs of infection in humans, for example, in poultry farm, hatchery, slaughterhouse, and processing plant workers (6, (10) (11) (12) (13) (14) (15) . Because of the severity and potentially fatal outcome of human psittacosis and the serious hazard to workers, European Directive 2000/54/EC (16) and the Approved List of Biological Agents of the Advisory Committee on Dangerous Pathogens (17) have classified C. psittaci as a "hazard group 3" human pathogen. This underlines the need for further awareness and efficient risk assessment and management.
Most of the human cases of psittacosis reported in France to the public health authorities are linked to ducks, and especially to mule ducks, a hybrid species related to the production of foie gras (6, 15) . More recently, a study conducted in mule duck breeding farms revealed significant shedding of C. psittaci, in mostly asymptomatic birds, revealing a hidden risk for workers (18) . The latter study also leads to a hypothesis about how ducks become contaminated: although some of the ducklings could inherit a low level of infection from their parents, the majority seems to arrive perfectly healthy on the breeding farm and become infected later, possibly by the environment.
Because within-flock C. psittaci circulation data are essential to implementing optimal management practices, we performed a field study on seven naturally infected but asymptomatic mule duck flocks. We sought to (i) describe C. psittaci shedding dynamics, (ii) determine environmental contamination, and (iii) identify circulating C. psittaci diversity. In order to assess the potential sources of worker exposure, cloacal swabs and air and environmental samples (dusters, water, and soil) were taken on each occasion on which humans were required to handle birds during the entire breeding process, i.e., from the hatchery to the slaughterhouse. C. psittaci bacteriophage Chp1 and amoebae were also screened for in order to understand their possible involvement in chlamydial persistence in the field, as previously suspected (19, 20) . Furthermore, a questionnaire survey was conducted on duck farms to gather information on routine cleaning and disinfection practices and on farming activities in an attempt to explain the maintenance of the microorganism in its environment.
MATERIALS AND METHODS
Sampling. This study was conducted in seven mule duck flocks (A1, A2, B, C, D1, D2, and E) from five breeding farms (A to E) in western France. From January to July 2013, sampling was performed for each flock at each stage of the production process, from the hatchery to the slaughterhouse. A synthesis of the samples collected is presented in Fig. 1 .
(i) Avian samples. In the hatchery, 15 randomly selected 1-day-old ducklings (per flock) were subjected to cloacal sampling and 15 dead embryos (unhatched eggs) were subjected to necropsy. Spleen, liver, lung, and intestine samples were taken during necropsy.
After the introduction of ducklings on farms (at the age of 1 day), 15 randomly selected ducks (per flock) were subjected to cloacal swab sampling whenever birds had to be handled by workers. Samples were taken during introduction, trimming of nails and beaks, vaccination against Pasteurella multocida, booster vaccination, transfer to the force-feeding room, force-feeding, transfer to the slaughterhouse, and slaughtering just after plucking (Fig. 1) .
(ii) Air samples. Air samples (n ϭ 123; Table 1 ) were collected using a microbial air sampler MAS-100 NT device (MBV, Switzerland). The device was placed as close as possible to the worker. Each sampling period lasted 10 min with the air pumped at a flow of 100 liters per min and impacted a semiliquid agar as previously described (21) . Two air samples were taken at each stage, except in the slaughterhouse where four samples were taken: two at the loading dock and two in the hanging area, which are two places where the birds are handled and in an agitated state.
(iii) Environmental samples (dusters and water and soil samples). In order to detect the presence of C. psittaci in the environment of the flocks, 196 environmental samples were obtained, in total, from the stages before transfer for force-feeding (Table 1) . First of all, dusters (n ϭ 39; Table 1) were used in farm buildings and runs. Pairs of foot-dusters (n ϭ 34) were worn to cover the entire building area or the areas surrounding bird feeders and watering places in fields and were used for all stages except for the transfer to force-feeding, where a wall-duster (n ϭ 5) was wiped on the building walls. The wall-duster was not used on flocks A2 (because of early slaughtering owing to a herpesvirus infection) and E (because the building had not been occupied for a long time and had already been cleaned). Two water samples from the watering places were obtained at each sampling time from introduction until the booster vaccination stage (n ϭ 52; Table  1 ). Finally, soil samples (straw, droppings, or soil obtained from five different places frequented by the birds) were taken during the introduction, vaccination, and booster vaccination stages (n ϭ 105; Table 1 ).
DNA extraction. Cloacal swabs were subjected to DNA extraction using a QIAamp DNA minikit (Qiagen, Courtaboeuf, France) according to the manufacturer-recommended "buccal swab spin" protocol. DNA was eluted with 150 l of elution buffer and stored at Ϫ20°C before analysis. Air samples were centrifuged at 32,000 ϫ g for 1 h at 10°C, the sediments were suspended in 400 l of phosphate-buffered saline (PBS). Dusters were placed in plastic bags with 30 ml of PBS and kneaded until the dusts were well mixed, and then 400 l of supernatant was collected. Both air and dust suspensions were then subjected to the same DNA extraction protocol as the cloacal swabs.
Water and soil samples were subjected to supplementary extraction steps in order to also collect DNA from possibly encysted amoebae. Briefly, for the water samples, 35 ml was centrifuged at 26,500 ϫ g for 1 h, and the sediment was then collected in 500 l of PBS. For the soil samples, approximately 5 g of sample was mixed with 10 ml of PBS and allowed to sediment, and then 500 l of supernatant was collected. Subsequently, both water and soil suspensions were subjected to five consecutive thermal shocks (2 min at Ϫ80°C in an ethanol bath and 1 min 30 at 99°C in a dry bath) and then ribolyzed, and 200 l of supernatant was collected and subjected to the same extraction protocol as the other samples.
Tissue samples (spleen, liver, intestine, and lung) collected from the unhatched eggs were submitted to DNA extraction using the QIAamp DNA minikit according to the manufacturer's "tissue protocol." DNA was eluted with 200 l of elution buffer and stored at Ϫ20°C before analysis. Direct detection of chlamydiae from DNA samples. For all DNA samples, a first screening was performed using a Chlamydiaceae-specific real-time PCR targeting the 23S rRNA gene (23S-rtPCR) (22) . Each reaction mix contained 2 l of sample DNA template, 10 l of 2ϫ Universal Mastermix (Applied Biosystems), 0.5 l of each primer (25 mM) and 2 l of the probe (1 mM), and 5 l of deionized water. DNA samples found to be positive in the 23S-rtPCR were further analyzed by a C. psittaci-specific real-time PCR targeting the incA gene (23) . A positive control (C. psittaci Loth strain) was systematically included, and an internal control for potential PCR inhibition (TaqMan exogenous internal positive control; Applied Biosystems) was used for the environmental samples (dusters, water, and soil). All samples with a quantification cycle (Cq) over 40 were considered as negatives. A sample with a 20 Ͻ Cq Յ 30 value was regarded as highly positive, while 30 Ͻ Cq Յ 35 was regarded as moderate, and Cq Ͼ 35 was regarded as low positive.
Genotyping. The most concentrated C. psittaci-positive DNA samples (Cq Ͻ 30), obtained from cloacal swabs and environmental DNA samples, were further analyzed to determine the genotypes involved. The ompA gene taken from positive samples was amplified using the 3GPF/ 5GPB primer set as previously described (24) . The PCR products were sequenced at MWG (Biotech France, Roissy, France).
Detection of C. psittaci bacteriophage Chp1. All DNA samples were screened for the presence of the bacteriophage Chp1. Initially, a real-time PCR assay targeting a 168-pb fragment of the gene encoding the major capsid protein VP1 (ORF 1) was performed with the primers VP1_ Chp1_forw (5=-CCGCCTTTTGTTAAGGGTGA-3=) and VP1_Chp1_rev (5=-ATGAACGCCAAAATGACCTTG-3=) and the VP1_Chp1_probe (5=-FAM-GTTTATGTTGATTTAGCGGCTTCA-TAM-3=). Sequencing of both strands of fragments of ORF 1 gene (521 pb), as well as the ORF 2 gene encoding the minor spike protein VP2 (433 pb), was performed on the most Chp1-concentrated DNA samples using the primer pairs VP1_forw (5=-TGGTACGACTGTTGCCCAAA-3=)/VP1_rev (5=-CAGG CTGCTCTCCCAAATGA-3=) and VP2_forw (5=-TTTGGCGGTCTTGC TTCAGG-3=)/VP2_rev (5=-CAGGCAACAACTTGCCAGC-3=), respectively, to confirm the presence of the C. psittaci-specific bacteriophage (Chp1) in the samples. Amplification conditions consisted in an initial denaturation step at 95°C for 10 min followed by 30 cycles of amplification consisting of denaturation at 95°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 1 min. This was followed by incubation at 72°C for 10 min.
Detection of amoebae. All DNA samples from water and soil were also screened for the presence of free-living amoebae. PCR analyses were performed by amplification of the 18S rRNA gene with primers specific for Amoebozoan (Amo_1400_F/Amo-1540-R) and Vahlkampfiidae (Vahl_ 560_F/Vahl_730_R), as described previously (25) .
Survey on farming practices and activities. Appropriate information regarding the management, the feeding and watering practices, the cleaning and disinfection procedures (in the different buildings and fields and of the equipment used on the breeding farms), the health status of birds, and the infection-limiting precautions and antimicrobial treatments were collected by filling in a questionnaire during farm visits (Table 2) . Farmers were also asked about the proximity of other breeding farms and the presence of other avian species (wild or farm birds).
Statistical analysis. The correlation among dependent variables of interest: the prevalence of C. psittaci shedders and the C. psittaci excretion level (shedding), the C. psittaci contamination and load in air and environmental samples, the prevalence and excretion level of bacteriophage Chp1, and the independent variables expressing the ducks' ages, management practices (feeding and watering practices, cleaning and disinfection practices), and worker activities were tested with the use of the nonparametric Spearman's correlation coefficient (Spearman's rho) test. MannWhitney and Kruskal-Wallis nonparametric tests were carried out to investigate the effect of the breeding space, as a two-level (indoors and outdoors) or three-level (indoors, enclosure, and outdoor expansion area) factor, respectively, on C. psittaci shedding patterns, as dependent variables of interest. A series of nonparametric Mann-Whitney tests was also performed in order to determine whether the C. psittaci contamination of environmental samples (water and soil) differed based on the occurrence of amoebae in the respective samples. Moreover, the impact of the intervention, as a multilevel factor, on C. psittaci prevalence and shedding was explored using the Kruskal-Wallis nonparametric test accompanied by a post hoc homogeneous subsets stepwise procedure, which is able to find specific significant differences among factor levels. The impact of the month of the year on C. psittaci shedding, also as a multilevel factor, was explored using the Kruskal-Wallis nonparametric test. The significance level of all tests was 0.05. Nonparametric tests were used for all analyses due to the lack of normality in their distribution. Graphical methods such as scatterplots and box plots were used in order to visualize correlation and differences. Statistical analysis was performed using SPSS (Statistical Package for Social Science) software (version 22; IBM Co, New York, NY).
RESULTS
C. psittaci was detected in each of the seven mule duck flocks studied, although none of the birds sampled during this study presented clinical signs of avian chlamydiosis. Flock A2 was slaughtered early, before the force-feeding process, due to a suspicion of a herpesvirus infection causing high mortality in the flock.
Prevalence of C. psittaci shedders and excretion level during the whole breeding process. In the hatchery, all cloacal swabs obtained from 1-day-old ducklings were negative for chlamydiae when tested with the 23S-rtPCR. Moreover, only five organs taken from five different dead embryos (unhatched eggs) from flocks A1, C, and E were weakly positive (respectively, a lung [ In the farms, all flocks presented C. psittaci-positive birds (shedders) during the breeding process, with the prevalence of shedders reaching up to 100% (15/15) and decreasing to 6.7% (1/15), until reaching the slaughterhouse ( Table 1 ). The higher levels of C. psittaci shedding (lower Cq values) occurred at the peak of shedder prevalence (statistically significant negative correlation between positive birds and mean Cq values; Spearman's rho ϭ Ϫ0.636, P Ͻ 0.001; see Fig. S1 in the supplemental material). Three different shedding patterns were observed (Fig. 2) . The first pattern was observed in flocks A1, A2, and C harboring birds with heavy shedding (mean Cq of 25) about the age of 4 weeks, which for flocks A1 and A2 coincided with the first access of the ducks to a small outdoor enclosure near the livestock building. A second pattern was observed in flocks B and D2 with a moderate shedding (mean Cq values of 32.8 and 35.1) around 8 weeks of age, which coincided with a period when the birds were in the outdoor expansion area. Finally, a third pattern observed in flocks D1 and E was characterized by a low (mean Cq values up to 37) and late shedding detected during the force-feeding process at around 12 weeks of age. A statistically significant positive correlation was observed between mean Cq values and age (Spearman's rho ϭ 0.654, P Ͻ 0.001), whereas there was no statistical correlation between C. psittaci prevalence or shedding and months of the year (P Ͼ 0.05). Only the E/B genotype of C. psittaci was detected, with the subgenotype E/B_06-859 identified in most of the flocks tested (A1, A2, B, D1, and E) and the subgenotype E/B_E30 in flock C. At the slaughterhouse, in most cases, in addition to the low preva- (Table 1) . Air and environmental contamination by C. psittaci. All air samples collected at the hatchery and the slaughterhouse were found to be negative. Positive air samples with a generally low load of C. psittaci (Cq of 35.7 to 37.7) were detected in three flocks (A1, A2, and C) ( Table 1) , when the birds were heavy shedders (low mean Cq of 25) (statistically significant negative correlation between Cq values of shedders and positive air samples; Spearman's rho ϭ Ϫ0.479, P ϭ 0.003). Dusters were detected positive (Cq values ranging from 28 to 39.7) in flocks A1, A2, and C, as well as in flocks B and D2 harboring the heavy and moderate shedders, respectively ( Table 1 ). The dusters were not taken at the transferto-slaughterhouse step for either flock A2 (because of the herpesvirus outbreak) or flock E (because the building was already cleaned and had been empty for 6 weeks). Similarly, the soil samples originating from flocks A1, A2, B, C, and D2 were positive (Cq values ranging from 28.9 to 40). Chlamydia was detected in water samples (Cq values ranging from 27.9 to 39.4) obtained from flocks A2, C, D2, and E, whereas none of the environmental samples obtained from flock D1 were positive (Table 1) . A statistically significant positive correlation was observed between the prevalence of shedders and the positive environmental samples: dusters (Spearman's rho ϭ 0.639, P Ͻ 0.001), water samples (Spearman's rho ϭ 0.496, P ϭ 0.010), and soil samples (Spearman's rho ϭ 0.818, P Ͻ 0.001). As expected, the soil samples were mainly positive when the birds were heavy shedders (statistically significant negative correlation between Cq values of shedders and positive soil samples; Spearman's rho ϭ Ϫ0.726 with P ϭ 0.011). Moreover, there was a strong relationship between C. psittaci load in soil samples and those in dusters and water samples; in fact, there was a perfect match between the orderings of the corresponding Cq values, yielding a Spearman's rho equal to 1. Sequencing of the ompA gene confirmed the presence of an E/B genotype of C. psittaci in the environmental samples harboring the same subgenotypes as those identified in the birds (E/B_06-859 or E/B_E30) ( Table 1) .
Presence of bacteriophage Chp1 and amoebae in avian and environmental samples. The bacteriophage Chp1 was detected in all flocks, based on the real-time PCR assay targeting the ORF 1 gene. The bacteriophage was mostly detected (with Cq values ranging from 30 to 40) when birds were heavy chlamydial shedders. Specifically, the higher levels of C. psittaci shedding (lower Cq values) occurred at the peak of prevalence of Chp1 shedders (statistically significant negative correlation between Cq values of C. psittaci shedders and cloacal swabs positive for Chp1; Spearman's rho ϭ Ϫ0.329 with P ϭ 0.047). Also, there was statistically significant positive correlation between the prevalence of C. psittaci and Chp1 shedders (Spearman's rho ϭ 0.846 with P Ͻ 0.001). However, though some Chlamydiaceae-positive DNA samples were negative for Chp1, this phage was also detected on Chlamydiaceae-negative samples. Sequencing of the ORF 1 and ORF 2 genes was performed on DNA collected on swabs from six of the seven flocks (A1, B, C, D1, D2, and E). Sequences were aligned and compared to the corresponding Chp1 sequence (accession number NC_001741). All ORF 1 fragments were identical to the ORF 1 sequence of Chp1, but three different sequences with three point mutations were obtained for the ORF 2 gene (detected in flock B for the first, in flock C for the second, and in flocks A1, D1, D2, and E for the third) compared to the ORF 2 sequence of Chp1 (see Fig.  S2 in the supplemental material). The three new sequences of ORF 2 were submitted to the European Nucleotide Archive (accession numbers LN906837 to LN906839).
Free-living amoebae were detected in DNA samples from both water and soil, with a higher prevalence for Amoebozoan (38/52 and 41/105 water and soil samples tested, respectively) than for Vahlkampfiidae (16/52 and 27/105). However, no significant difference was found between the values of C. psittaci contamination in the environmental samples and the occurrence of amoebae (Amoebozoan and Vahlkampfiidae) in the corresponding samples (P Ͼ 0.05 in all nonparametric Mann-Whitney tests performed).
Evaluation of farming practices and activities. Questions concerning the management practices routinely applied in each breeding farm or flock were grouped according to the interactions 
a Use for 1 to 3 weeks starting from day 15 or 4 weeks depending on weather conditions. b Use for 8 weeks from age 4 weeks with rotation of two or three runs of 1 Ha each (highly variable depending on available surface area).
between two batches (cleaning and disinfection practices) or between birds of the same batch (feeding and watering, as well as bird density), while the interactions between humans and birds were additionally categorized according to the farming activities (interventions) ( Table 2 ). In order to conduct statistical analysis, numerical scores were given for each practice or activity, which were correlated with the prevalence and level of C. psittaci shedding (Table 1) and were evaluated for all spaces separately (outdoors or indoors) or overall (outdoors and indoors). In each farm, none of the outdoor areas were adjacent to the outdoor areas of another farm. Only farm D raised another avian species in parallel (pheasants), whereas measures against wild animals or birds were taken in all cases but without real efficiency. Water came from public networks and occasionally from wells, except for farm C, where it came only from a well. The water network was acidtreated regularly, except in farm B. All farmers used the same cleaning and/or disinfection products supplied by the same company but applied them in different ways and at different frequen- cies. The analysis showed that the prevalence of C. psittaci shedders was inversely related to the level of disinfection. Lower percentages of C. psittaci shedders were generally associated with high levels of disinfection applied to starter-building facilities; a negative correlation (Spearman's rho ϭ Ϫ0.352, P ϭ 0.048), significant with respect to the significance level of 0.05, was detected (see Fig. S3 in the supplemental material). The practice of using an alkaline detergent for cleaning in the expansion building was not followed by farms A and C harboring the heavy C. psittaci shedders ( Table 2) . Expansion buildings were regularly limed, again with the exception of farms A and C. The manure was removed from the building after each flock except in farm C, where it was removed only twice a year. Furthermore, every farm except farm C underwent a depopulation period of varying durations. Finally, regarding worker activities, a significant correlation (Spearman's rho ϭ Ϫ0.629, P Ͻ 0.001) was found between the place of interventions (open air versus closed building) and the prevalence of C. psittaci shedders; the prevalence was higher when the corresponding operations took place in the open air (see Fig. S4 in the supplemental material). Moreover, a negative correlation was observed between the duration of operations and Cq values of C. psittaci shedding (Spearman's rho ϭ Ϫ0.498, P ϭ 0.035); the load of shedding was higher (low Cq values) when the operation lasted for one or more than 1 day (see Fig. S5 in the supplemental material).
DISCUSSION
This study was carried out on seven mule duck flocks to explore C. psittaci circulation from the hatchery to the slaughterhouse and to identify and evaluate possible zoonotic pathways and means of C. psittaci persistence in these environments. All flocks explored in this study harbored positive birds at different moments during the breeding process, confirming the high prevalence of C. psittaci in mule ducks in France. We chose to analyze cloacal swabs in order to describe C. psittaci shedding dynamics in infected birds since chlamydiae may survive as commensals in the gastrointestinal tracts of virtually all natural hosts and persist for long periods without any overt inflammation or pathology (26) . It is worth mentioning that quite similar shedding levels were obtained from cloacal and pharyngeal swabs collected and analyzed in parallel in a previous survey conducted on ducks (6) . Only the E/B genotype was detected in these flocks. This genotype has been found to be common in duck farms and has already been implicated in duckassociated human cases of psittacosis in France (6) . In this study, three different patterns of C. psittaci shedding were highlighted involving birds about the age of 4, 8, and 12 weeks with heavy, moderate, and low excretion levels, respectively. The pattern corresponding to the heavy and early shedding detected in 4-week-old birds was novel compared to those identified in a previous study conducted on other duck breeding farms from the same geographical area (18) . The latter study raised many questions as to whether the environment could play an important role in maintaining infection in duck farms. In most of the cases in the present study, the peak of C. psittaci shedding was detected in ducks that concomitantly had access to an outdoor run (from 1 to 4 weeks, depending on flocks). In birds of flocks A1 and A2, the heavy shedding coincided with their first access to a small outdoor field (enclosure) near the livestock building, whereas the moderate shedding presented by the birds of flocks B and D2 coincided with the period when they were on the outdoor run (outdoor expansion area). The exception to this rule was flock C, which harbored birds with heavy shedding before access to an outdoor run, but applied the most incomplete cleaning and disinfection practices (further discussed below). Other exceptions were flocks D1 and E, where the peak of shedding occurred later.
In farm E, a doxycycline-based treatment had been administered in the birds' drinking water due to severe dyspnea at 4 weeks without any chlamydia being detected in bird samples collected before this age. This antibiotic is active against chlamydiae, and this probably delayed the bacterial replication and the shedding once the birds were exposed to chlamydiae. Concerning flock D1, it is noteworthy that, in contrast to all other flocks, including flock D2, C. psittaci was not detected in any environmental sample collected outdoors ( Table 1 ). The different environmental exposure of flocks D1 and D2, since they were on separate outside fields, could explain their different shedding patterns (middle and late). In any case, variables, i.e., the prevalence and level of C. psittaci shedding, analyzed and evaluated for all breeding spaces, showed significant differences between indoors and outdoors (P ϭ 0.018 for the prevalence and P Ͻ 0.001 for the Cq values) (see Fig. S6A and B in the supplemental material). Specifically, significant differences were found between indoors, enclosures, and outdoor expansion areas concerning the level of C. psittaci shedding (P Ͻ 0.001) with the higher levels (lower Cq values) corresponding to enclosures (see Fig. S6C in the supplemental material). Moreover, a significant effect of the "intervention" factor was also found on the prevalence (P ϭ 0.008) and level (P ϭ 0.001) of C. psittaci shedding (see Fig. S7 in the supplemental material). It is probable that some interventions may induce more stress for birds and lead to heavier shedding, but this cannot explain all the differences in the prevalence or the excretion level in birds and other factors, such as the "outdoor" factor, that seem to critically impact shedding ( Table 1) . As has been previously reported, the presence of coinfections could exacerbate chlamydial shedding (27) (28) (29) (30) . Unlike the cases described in these latter studies, it is interesting that the herpesvirus infection that emerged in flock A2 (resulting in premature slaughtering) did not increase the level of C. psittaci shedding from ducks, which therefore had the same shedding pattern as those of flock A1.
Vertical transmission of C. psittaci was already reported in chickens and turkeys (9, 31, 32) . In our study, only five samples from dead embryos (unhatched eggs) were found positive, whereas all cloacal swabs (n ϭ 105) obtained from 1-day-old ducklings at the hatchery were negative for chlamydiae. Moreover, only a few (5 of 105; Table 1 ) cloacal swabs recovered at introduction and at the nail-trimming stages were positive, suggesting a limited role of both vertical and horizontal (possibly by inhalation) transmission pathways between duck flocks. Taking into account all the above-mentioned findings and keeping in mind that chlamydiae are able to persist within the gastrointestinal tract in a commensal relationship (26) , environmental contamination and transmission seemed to constitute the most probable main pathway in duck flocks. In this study, environmental samples such as soil and water obtained from different places frequented by the birds during the first four breeding stages were mostly positively correlated with the occurrence and prevalence of C. psittaci shedders at the respective stages. The strong association between positive soil samples and high shedding level, as well as the perfect relationship shown between the chlamydial load in soil samples and the loads in dusters and water samples, indicate that the contaminated soil may be the most significant source of transmission, even after the shedder birds have been removed from the breeding facilities. Clearly, we can assume that infected birds, possibly infected ducklings from heavily shedding laying flocks (18) , introduce chlamydiae into a farm, contaminating its environment. In the hypothesis where chlamydiae are able to survive long enough in the farm environment, uninfected flocks arriving at the same places (indoors and especially outdoors) could then become infected.
In our survey, none of the C. psittaci-infected ducks presented symptoms. The absence of clinical signs coupled with the existence of various C. psittaci shedding patterns in birds could make the exposure to C. psittaci for workers unpredictable, increasing the risk since ducks are frequently handled during the breeding process. Therefore, in order to assess the exposure risks and identify the sources of contamination, it was interesting to analyze environmental samples from flocks at each occasion requiring workers to handle the birds. Among other sources, air samples and dusters from these specific stages were analyzed, since zoonotic transfer mostly occurs through inhalation of contaminated aerosols or contaminated dust particles created from avian excretion (33) . Air samples were positive in three flocks (A1, A2, and C) harboring early and heavy shedders. Sampling was carried out during the primary vaccination conducted in closed buildings. Consequently, C. psittaci exposure via aerosols for workers at these farms is real, and the wearing of personal protective equipment appears to be essential. The exposure seems to be higher in breeding farms than at hatcheries and slaughterhouses, since no positive air samples were found at the latter. However, human cases have already been reported in duck hatcheries and slaughterhouses (34, 35) . In our study, only a few birds were positive with a low level of shedding at the slaughterhouse, which concurs with findings obtained in this same slaughterhouse in 2013 (36) . Confirmed or regularly suspected cases of psittacosis among workers in this slaughterhouse could be explained by the occurrence of heavily shedding ducks not detected in these two independent surveys, even if two duck flocks highly positive for Chlamydiaceae but not for C. psittaci were identified in a previous study (36) , or by the fact that exposure to a small number of chlamydiae is enough for active infection in workers. Regarding the hatchery, the differences could possibly be explained by the different prevalences of vertical contamination from parental flocks. Meanwhile, contaminated dust is known to play an important role in worker exposure. A lot of dust is raised during several activities (handling birds during vaccinations, bird transfers, etc.) which could be a source of aerial contamination. In our study, dusters detected positive in the flocks with the heavy (A1, A2, and C) and also the moderate (B and D2) shedders (Table 1) were carrying a chlamydial load strongly associated with the loads detected in avian and soil samples. It is worth mentioning that, in a retrospective investigation conducted on a duck farm, 6 months after the clinical onset in birds and in a duck farmer who presented with a particularly severe pneumonia due to C. psittaci, dust was found to be the only positive among other environmental and avian samples (15) .
Since chlamydiae are obligate intracellular bacteria, they could either survive in the cellular structures in which they have been excreted (8) or with the assistance of a host, for example, amoebae. It has indeed been observed that some Chlamydia species are able to survive and even multiply in free-living amoebae (37) (38) (39) . It is thus possible that C. psittaci could also survive in this host. Environmental samples taken for this study (water and soil samples; Table 1 ) were also tested for the presence of amoebae, and higher prevalence rates were found for Amoebozoan than for Vahlkampfiidae. However, the link between chlamydial contamination and the presence of amoebae was less evident, obviously owing to the ubiquitous nature of the amoebae. Further in vitro studies on chlamydial survival in the presence of amoebae could validate or refute the hypothesis concerning the role of amoebae as reservoirs for C. psittaci in the environment. Furthermore, it has also been suggested that naturally occurring bacteriophage infection may be yet another persistence induction mechanism (20) . In this context, chlamydial infection might be kept at a very low level for prolonged periods (e.g., in the gut) and could be triggered once the phage population was greatly reduced and after the immune response in the local site has abated. Such a scenario would be consistent with long-suspected latent or inapparent in vivo chlamydial infections (40) . In our study, the C. psittaci bacteriophage Chp1 was identified in all flocks, mostly in the joint presence of chlamydia. Interestingly, the higher levels of C. psittaci shedding occurred at the peak of prevalence of bacteriophage shedders, implying that Chp1 infection may be a nonnegligible factor in C. psittaci biology and pathogenesis in ducks. However, the phage was not detected in duck C. psittaci strain suspensions available in our laboratory (data not shown), in line with previous observations under which the presence of phage may go undetected in in vitro cultures for long periods of time (41) . Chp1 was also detected in 82% of DNA taken from dusters, 29% of DNA from air, 7% from water and 34% from soil recovered from farm environments ( Table 1 ). Chp1 infection, although often "cryptic," is probably an integral part of duck chlamydiosis in some countries, e.g., the United Kingdom (42) . Remarkably, infection with C. psittaci bacteriophage Chp1 was reported for the first time in 1982 in the context of a severe outbreak of human psittacosis at a duck-processing plant in East Anglia (United Kingdom), with the Chp1 being suspected of amplifying the virulence of C. psittaci strains involved (43) . The high prevalence of this bacteriophage in the mule duck breeding process could thus generate a greater risk of human contamination.
Intraflock contamination could occur at any time, thus explaining the different shedding patterns observed. This probably depends, in addition to the birds' immune status, partly on antimicrobials periodically administered, as seems to have happened at farm E, where late shedding occurred after a doxycycline-based treatment, but mainly on the cleaning and disinfection procedures implemented. The survey conducted at these farms regarding the management practices routinely applied showed that farms that apply the most incomplete cleaning and disinfection protocols were usually those with the heavy shedders, such as farms A and C. Interestingly, whereas the use of alkaline detergent and lime for cleaning could affect environmental contamination, the application of disinfectant containing quaternary ammonium and glutaraldehyde seems to be the main practice that could reduce the prevalence of C. psittaci in ducks. These findings were expected, since chlamydiae, although remaining infectious in organic material for many months, seem to be susceptible to disinfectants (8) . However, it would have been interesting to further examine environmental samples recovered from farm facilities after the removal of birds and before the arrival of new flocks in order to evaluate the efficiency of different disinfection protocols. Finally, regarding worker activities, the place (open air versus closed building) and the duration of operations seem to be potential risk factors. The need to handle birds in closed buildings and the risk associated with this practice should dictate the obligatory use of personal protective equipment (e.g., clothing that does not retain dust, gloves, and face shields). Besides, the knowledge of the risk arising from prolonged exposure emphasizes the need for modification and adaptation of such work protocols and the strict observance of good practices proposed (44) . Future research should focus on these topics.
Conclusion. This study allowed a precise monitoring of mule duck flocks with a closeup on activities implying the interaction of humans with birds in order to assess the potential sources of worker exposure. It confirms the high prevalence of C. psittaci in mule duck flocks in France. The absence of clinical signs, along with the existence of various C. psittaci shedding patterns in ducks, together mean that exposure to C. psittaci for workers is unpredictable and yet considerable. Environmental contamination significantly correlated with shedding dynamics seems to be the most probable main pathway transmission. The high prevalence of Chp1 bacteriophage in mule ducks could be an important factor in C. psittaci persistence, thus creating a greater risk of human contamination. Cleaning and disinfection procedures could have an important impact on persistence and on environmental contamination. The obligatory use of personal protective equipment and the strict observance of good practices are essential to protect workers from exposure during the mule duck breeding process.
